Paleointensity
of the geomagnetic field was studied with precisely dated lava flows and pyroclastic flows in Japan older than 3,000 years B.P. by the Thellier's stepwise heating method.
The errors inherent in the ages of the rocks were fully evaluated in this work.
Samples collected from five lava flows and three pyroclastic flows provided successful results. Two examples were found indicating that the apparent linear NRM-TRM relation in the Arai diagram is probably due to the effect of TCRM produced during heat treatment.
This phenomenon was detected by comparing the result with those from other specimens taken from the same flow and treated with the same procedure in the Thellier's experiment simultaneously with two samples mentioned above. This result strongly suggests that the Thellier's experiment should be done by using multiple at least three specimens. Japanese data including the present results are consistent to already proposed trend of secular variation in which geomagnetic field intensity gradually increased from about 6,000 years B.P. to 2,000 years B.P. and then gradually decreased to the present-day value. Secular variation of shorter periods also seems to exist superposed on that of a longer period.
Introduction
Importance of the study of the intensity of the past geomagnetic field (paleointensity) is well recognized, and many authors have reported paleointensity data as summarized by SMITH (1967) and BURLATSKAYA and NACHASOVA (1977) . However, amount of intensity data is still insufficient in comparison with the direction data mainly because of laborious experimental method to determine the paleointensity. Among several methods proposed, only those by THELLIER and THELLIER (1959) and SHAW (1974) can be taken as reliable. Shaw's method is relatively easy and still has a high reliability as KoNO (1978) fully examined, but probability of experimental success may be lower than in the Thellier's method because the former requires an initial heating of samples up to a high temperature of about 600C, which often causes changes in the magnetic characteristics of the samples by oxidation. Thellier's method was adopted throughout this study because it is at present the most reliable.
We noticed scarcity of paleointensity data especially in periods older than 3,000 years B.P. when we looked at the secular variation curve such as that summarized by BARTON et al. (1979) , although numbers of intensity data have much increased in the last ten years (cf. Cox, 1969; KoNo,1972) . The present study aims to provide several paleointensity data for ages older than 3,000 years ago. There are numerous young volcanos in Japan, and many of the volcanic flows have been dated by radiocarbon method. Recent development of tephrochronology has made it possible to correlate sequences of some of the volcanic rocks at different volcanoes which are geographically apart to each other (MACHIDA, 1976) .
Samples were collected from some of precisely dated lava flows and pyroclastic flows mainly with ages between 3,000 and 6,000 years B.P. to cover the relative scarcity of paleointensity in this age range. Much caution was taken in assessing the ages of collected volcanic rocks. Single radiocarbon date sometimes contains large error, so geological or tephrochronological evidences were also sought to support the radiocarbon age.
Samples
Radiocarbon dates are usually reported with their errors which are determined statistically in the dating experiment (KIGOSHI, 1967) . This error has little significance because errors by other factors such as chemical contamination of sample are usually much greater than the statistical one. In this study error in age was determined as follows; when only one radiocarbon date is available, the error is assumed to be ten percent of the age value. When more than one radiocarbon dates were determined from the same layer, the arithmetic mean and the standard deviation were used as the age and its error for the layer. The layer with no radiocarbon dates but having age limits deduced from the dated layers above and below it was also collected, and in this case, the age of the layer is the average of the two ages and the error is assumed to be the sum of half the time span of the two and ten percent of the two dates.
Some of the pyroclastic flows have very stable natural remanent magnetization (NRM) of thermal origin, so that such samples with reliable radiocarbon date were examined in this study. Pyroclastic flows with converged NRM directions were used in the paleointensity experiment because it means that the formation temperature was high enough to produce a thermo-remanent magnetization (TRM) in situ.
More than ten of lava flows and pyroclastic flows were sampled in the Central and the Western Japan. Among these samples five lava flows and three pyroclastic flows with converged NRM directions were selected. Sampling localities are shown in Fig. 1 . Table 1 contains the age of each sample and its error which was determined based on the above criteria. The age determination of each lava flows and pyroclastic flows are described as follows.
One pyroclastic flow (HK 7) 'dated at 2,900 + 100 years B.P. by a carbonated wood contained in the flow and one lava flow (HK 1) having four radiocarbon dates with a mean of 4,475 + 349 years B.P. (MACHIDA, 1977) were selected from Hakone Volcano about 80 km southwest of Tokyo.
One lava flow (FJ 6) was selected from Mt. Fuji near Hakone Volcano. This flow has no direct radiocarbon date. However, it is known from tephrochronological observations that it is stratigraphically lower than a pyroclastic flow having a radiocarbon date of 3,040 + 50 years B.P. (MACHIDA, 1977) and higher than the Fuji Black Pumice which was formed during the relatively quiet period of Mt. Fuji between 10,000 and 5,000 years B.P. (MACHIDA, 1964) . Therefore, we can regard the age of this lava flow (FJ 6) as 4,000 + 1,500 years B.P.
In Oshima Island about 120 km south of Tokyo, samples were collected from two lava flows. One of them (OS 2) lies under the member 52 of the Younger Oshima Group (NAKAMURA, 1964) which has four radiocarbon dates (IssHIKI et al., 1981) , and also lies above a layer which contains human remains. The mean age of S2 is 1,410 + 83 years B.P. and the human remains is inferred to be about 4,500 years B.P. old (ISSHIKI, personal communication) . This gives the age of the lava flow at 3,000 + 1,500 years B.P. Another lava (OS 3) is from the member 021 of the Older Oshima Group (TAZAWA, 1980) which has a radiocarbon date of 5,520 + 370 years B.P. (TAZAWA, 1981) .
From Myoko Volcano, Central Japan, two pyroclastic flows were selected. One of them (MK 1) has radiocarbon date of 4,790 + 110 years B.P., and another (MK 2) has 5,880 + 190 years B.P. These dates, each determined from only a single carbonated material, agree with the ages expected from geological and tephrochronological considerations (HAYATSU, 1975; HAYATSU and FURUKAWA, 1981) .
The lava flow (SB 5) from Mt. Sambe, Western Japan, has no radiocarbon date, but is stratigraphically correlated between two black soil layers. These layers have radiocarbon dates of 3,680 + 90 years B.P. and 4,480 + 110 years B.P., respectively (MATSUI and INOUE, 1970) , so that we can assign this lava an age of 4,000 + 800 years B.P. Table 1 summarizes NRM directions of eight flows which gave successful results in the paleointensity experiment. The data in this table were derived without any demagnetization. The direction of the NRM does not change significantly during the course of thermal demagnetization. NRM intensity of all samples were relatively large, ranging from 1 to 10 A/m, and that of each specimen used for paleointensity experiment is tabulated in Table 2 together with the experimental results.
Paleointensity Experiment
Experimental results are summarized in Table 2 and NRM-TRM diagrams are shown in Fig. 2-Fig. 9 . An open circle in the diagram represents the point which is rejected from the analysis of the linear regression. Some of the diagrams contain a triangle mark connected with line to a circle. This shows the partial TRM (pTRM) test (COE, 1967b) which is used to detect the change of magnetic properties of a sample during heating. The pTRM induced in a sample at temperature Tl after a field-off step at temperature T2(Tl <T2) is compared to the pTRM induced by the field-on step at temperature Ti. Some of the results strongly suggest that the paleointensity experiment should be done with several specimens. An example is the case of Iwadoi lava flow (FJ 6) of about 3,500 years B.P. shown in Fig. 4 . Two Arai diagrams of FJ 6-1-1 and FJ 6-5-1 are successful though affected by oxidation of samples at high temperature ranges as known from the pTRM test. The result of FJ 6-3-1 should be treated with a great caution. We may pick up the linear portion between 220C and 420C to obtain the paleointensity. But this is not true because an accidental deviation of the 220C point from the trend of lower temperature ranges caused the apparent linear line of the data of intermediate temperature range. The results of pTRM test show that the Arai diagram of FJ 6-3-1 consists of a linear part of NRM-TRM relation at lower temperature range which should be rejected due to large scatter and apparent linear relation at higher temperatures which might be the effect of thermo-chemical remanent magnetization (TCRM: NAGATA and KOBAYASHI, 1963) caused by oxidation of samples. If we only have the result of FJ 6-3-1 without pTRM test for this lava, we would have made a large error in determination of the paleointensity of the geomagnetic field. This is the reason why in this study the effort was paid to use more than two specimens in the Thellier's experiment. We should note that the rejected results of the other two specimens (FJ 6-2-1, FJ 6-4-1) because of low correlation coefficient have roughly the same trend as those of the successful one. This suggests that we often discard data which are less reliable but still useful. This is also seen in Fig. 2 (HK 3-1-2, HK 7-2-1) and Fig. 7 (MK 1-1-1) . We cannot avoid this situation so far as we take the ordinary criteria of accepting or rejecting the result. A new method proposed by COE et ad. (1978) calculate the average paleointensity value by putting weight according to the reliability of each result, so that this method can save less reliable results. Figure 6 is another example showing the low reliability of Thellier's experiment using a single specimen. The NRM-TRM relation of specimen OS 3-4-1 seems to consist of a linear segment with a large scatter at temperatures below 360C and another linear segment at higher temperatures, but the latter NRM-TRM relation has no significance because the Curie temperature of the magnetic mineral of this specimen is 335C and the linear trend of high temperature range may be due to the production of TCRM. In fact, the slope of the latter linear trend differs from those of successful specimens. We would have calculated a paleointensity from the high temperature linear trend if we got only this result without any knowledge of the Curie point of this specimen. 
Discussion
The eight new paleointensity data obtained in the present study are shown in Fig. 10 together with other data in Japan for the last 6,000 years. We usually compare paleointensity data by converting them to virtual dipole moments (VDM) when the inclination data are known or reduced dipole moments (RDM) when they are unknown. In this study, however, the paleointensity data themselves are shown because of small difference in latitudes of the sampling locations.
For the last 2,000 years, Japanese data well agree with one another if the error of about 10 ,uT is allowed. Many authors have attempted to estimate extent of various errors contained in the paleointensity data. Error of about 15 percent due to non-dipole field is deduced from the present-day geomagnetic field over the whole surface of the earth (SMITH, 1967) , and experimental error is usually considered to be about 10%. Local geomagnetic anomaly also causes error of paleointensity data. But the total error of about 10 tT (about 20%) is still large even when the effect of nondipole field which should be small in Japanese data because of the proximity of the sampling locations, experimental error, and local geomagnetic anomaly are taken into account. It is reasonable to consider that the remainder of the total error is caused by the dating error. BARTON et al. (1979) attributed the scatter of intensity data mainly to the real variation and not to dating uncertainties. However, the dating errors are larger than that usually considered and it is reasonable to assume them at least to be about 10 percent of the age value. attributed their small intensity value around 1,000 years B.P. to the effect of non-dipole field. However, these data are agreeable with other data in Japan if the error of 300 years is assumed in the age determiantion. This suggests great possibility that difference in the intensity value from the other data is caused by error in age determiantion. If so, we can conclude that there was a gradual decrease of geomagnetic field intensity in Japan for the last 2,000 years.
Japanese data for the last 2,000 years, including the recent addition of a large number of data by SAKAI (1980) , seem to suggest existence of intensity variation of such a short period as 1,000 years superposed on the gradual decrease. SASAJIMA and MAENAKA (1966) suggested that the dipole wobble model by KAWAI et al. (1965) coincides well with the time variation of the Japanese intensity data. This idea is very interesting but the number of data used by them was too small to make a definite conclusion. From now on, we may be able to analyze the intensity data together with the directional data as KOVACHEVA (1980) did, since we have now enough number of intensity data as well as the reliable directional data such as HIROOKA (1971). KITAZAWA (1970) first studied the intensity variation back to 9,300 years B.P. using potteries recovered from archeological sites. Some of his data show large differences for the same age, but he treated them independently without averaging. So that his curve of geomagnetic field intensity variation shows a large scatter. In Fig. 10 Kitazawa's data are plotted after averaging them when more than one data exist for the same age. In the period between 4,000 and 2,000 years B.P., data by , SASAJIMA (1965) , KITAZAWA (1970), and SAKAI (1980) as well as the present study agree with one another except one at 4,000 years B.P., showing a gradual increase of geomagnetic field intensity. In the paleointensity variation curve such as Fig. 10 , the data of older periods have much larger uncertainty in abscissa rather than ordiante. Though the scatter of data is large, Figure 10 suggests a geomagnetic field intensity of about 40 tT around 5,000 years B.P. We can also infer from Fig. 10 that the geomagnetic field intensity gradually increased in this period and there seems to be another minimum around 3,500 years B.P., though many more reliable data are needed to confirm the latter conclusion.
Sinusoidal variation of geomagnetic field intensity was often proposed as a main feature of geomagnetic field (Cox, 1969; BUCHA, 1970) . KITAZAWA (1970) also discussed the sinusoidal variation by comparing the time variation of C14 concentration known from tree rings with theoretical one based on the proposed variation of the geomagnetic field intensity. The sinusoidal variation may be true as a first approximation, though BARTON et al. (1979) regarded it as highly tentative. The real history of the geomagnetic field may be more complicated. Recently, COE et al. (1978) found that the intensity variation at Hawaii is quite different from the other data in the world.
Conclusions
This study provides eight paleointensity data for the period between 6,000 and 3,000 years B.P. Experimental results indicate that the Thellier's experiment using only one specimen sometimes gives a paleointensity of low reliability because of misinterpretation of the Arai diagram which contains an apparent linear NRM-TRM relation probably caused by the production of TCRM. It was strongly recommended to carry out the Thellier's experiment by using several at least three, specimens.
We should pay attention not only to the error in the intensity value but also to that in the age of the sample. Japanese data for the last 2,000 years agree well when the error of 10uT is allowed in intensity and 10 percent of the error of age data is also taken into consideration. Japanese paleointensity data for the last 6,000 years including the results of Fig. 10 . Paleointensity data in Japan for the last 7,000 years. Error bars were attached only to the data determined in this study.
Age this study are in favor of the already proposed interpretation that the geomagnetic field intensity gradually increased from 6,000 to 2,000 years B.P. and then decreased to the present-day value. The secular variation with shorter periods seem to exist superposed on the gradual variation not only during the last 2,000 years but also in the periods older than 2,000 years B.P. 
